Purpose: Musculoskeletal disorders (MSD) remain the most common occupational disease in the Western countries. Beside the effects on workers themselves, MSDs may lead to high costs to enterprises and the society as a whole. Among the painful or tiring positions encountered in healthcare settings, caregivers often cite the filling of portable infusion pumps (PIP). This context was conducive to achievement of the goal of the following project: the development of a motorized apparatus designed to minimize the risk of MSDs caused by repeated gestures of filling PIPs. Methods: The development of the tool followed eleven steps including: (a) a market analysis, (b) a SWOT analysis, (c) definition of the specifications of the apparatus, and (d) a concurrent engineering methodology. Results: In approximately 18 months, a dynamic project group supported by a concurrent engineering methodology has designed and developed a compact and lightweight motorized apparatus able to suppress the risk of MSDs caused by manual filling of PIPs. After a mandatory step of familiarization, all involved operators have unanimously endorsed the new tool. Conclusion: We believe that this new motorized apparatus may now simply and substantially alleviate occupational MSDs caused by the manually filling of PIPs. Another major benefit of this research program is the clear improvement of the intrinsically quality of therapeutic objects (TO) through the creation of a more accurate and reproducible method of PIP filling.
Introduction
In many industrialized countries, occupational musculoskeletal disorders (MSD) constitute a serious health problem (1) . These disorders are common and sometimes serious illnesses of the musculoskeletal system, i. e., the limbs and spinal column. MSDs cause more or less bearable pains, fatigue, various functional disabling, and sometimes debilitating deficits (2) . By virtue of their high frequency and their chronicity, MSDs create significant economic burdens for human societies and their healthcare systems. Further, MSDs also cause extensive absenteeism and, consequently, a loss of efficiency and profitability for employers due to frequent employee replacements, reduction in employee productivity and quality of production, various disturbances in the organization of work, and the reclassification of employees who have sometimes become severely handicapped (1, 3) .
In certain fields of partially or fully automated industrial mass production, e. g., electronics and automotive assembly, food production, military and defense, aeronautics and space, and textile industries, the technical solutions require substantial investment and produce highly efficient results. Conversely, in hospitals and the home healthcare industry, matters look notably different. In these non-automated fields, technical situations are much more diverse, and production speeds and throughput are much more modest. In these less-automated scenarios, direct human involvement plays a major role, as encountered in craft enterprises.
Among the painful or tiring positions encountered in healthcare settings, caregivers often cite the filling of portable infusion pumps (PIPs). This task involves monotonous and repetitive gestures, which can be stressful, especially when caregivers must handle known or potentially hazardous products for themselves and their work environment. Certain muscle groups are constantly engaged in these technical operations, including the hands, wrists, forearms, neck, shoulders, and back muscles.
Under these circumstances, the arduousness of PIP workstations is often cited by operators. The common use of PIPs amounts to tens of millions of manual filling motions performed each year worldwide (data courtesy of Baxter), but the wide variety of situations encountered does not enable uniformity of practice by health professionals. This diversity of situations represents a tough point of the technical approach. This multifaceted context was conducive to achievement of the goal of this project: the development of a motorized apparatus designed to minimize the risk of MSDs caused by repeated gestures of filling PIPs. Completion of the project became possible through close cooperation between the inventor and a company specialized in the development and fabrication of various machines, systems, and pharmaceutical technologies used in the preparation of injectable drugs in hospitals. The project was managed according to the work methodology of concurrent engineering (4) . A specific working group of ten members from project partners was set up to direct, supervise, assess, and control the progress of the project with special sensitivity to the sensitive dynamics of the concurrent engineering program.
Materials and methods

Project management in eleven steps
In an innovation context, the development of a motorized apparatus designed to minimize the risk of MSDs was conducted with respect to the rules of proficiency in terms of project management. All solution deployment phases, deliverables, and milestones were provided via successive status reports (5, 6) .
The following eleven steps describe the logical process that was applied throughout the development: (a) be ensured that the idea is new and original, bearing in mind similar systems possibly available on the market, (b) assess the technical feasibility of the project and carry out a proper market analysis; in this aim, a SWOT analysis was performed by the project group (refer to Section "The SWOT analysis"), (c) identify and detail issues and available resources, (d) draft the specifications of the apparatus, (e) assess as precisely as possible the cost of developing the machine and, at the stage of industrial production, calculate its cost price per unit, (f) write a robust business plan, (g) build a virtual prototype called P0, using SolidWorks ® that is a specialized 3D computeraided mechanical design (CAD) program that runs on Microsoft Windows and has been developed by Dassault Systèmes SolidWorks Corp., a subsidiary of Dassault Systèmes, S. A., (Vélizy, France), (h) produce a physical prototype, known as P1, (i) assess and optimize P1 in actual conditions of use, (j) proceed to a cross-analysis and active feedback of data, with the goal of advancing rapidly the virtual version of the apparatus, (k) build a fully operational version of the apparatus, known as P2.
The SWOT analysis
A commonly used planning method involves setting the objective after the SWOT analysis has been performed. This represents a structured planning method, commonly used to evaluate the strengths, weaknesses, opportunities, and threats involved in a project or business venture (7) . A SWOT analysis often leads to a SWOT matrix and can be carried out in various circumstances, e. g., for a product, a place, an industry, or even a person. In the present case, the SWOT analysis for a motorized apparatus involved specifying the main objective and the subobjectives of the project, and identifying the internal and external factors that are favorable and unfavorable to achieving these goals. Rigorous elaborations of SWOTs are important because they can provide information that is important for achieving the primary objective and various sub-objectives and for planning the later steps in a project. The usefulness of SWOT analysis is not limited to profit-seeking organizations; SWOT analysis may be used in any decision-making situation when an end-state objective has been defined. The details of the SWOT matrix of the project are presented in the Results section.
Defining the specifications of the apparatus
Confidentiality constraints prohibit the disclosure of certain technical details of the project, including the plans of the machine and a detailed list of components and materials used by the manufacturer. Furthermore, some systems and sub-systems of the apparatus have been patented by the industrial partner. However, the general technical and economic specifications of the apparatus are as follows: (a) maximum compactness, coupled with an excellent stability when placed on a worktop; light weight and easy transportability, (b) ease and intuitiveness of operation with a minimum number of machine commands, (c) minimization of any potential risks of injuries, especially the removal of needles from filling procedures, (d) simple and intuitive system for the safe fastening and removal of syringes used for filling various models of portable infusion devices, (e) a vertical plane of symmetry that allows for equal use of the device by left-or right-handed operators, (f) sleek and reassuring design without aggressive anglings, (g) a minimum number of rough spots, reinforcement ribs, and other tight corners where dirt and dust might accumulate, jeopardizing the goal of frequent cleanings difficult, and no hollow spaces, (h) an electric motor protected in an appropriately sealed housing, especially efficient against corrosive liquids such as the concentrated solutions of various anticancer drugs, (i) a powerful motor running as quietly as possible (<40 dB) and without significant heating, even after many hours of use (at least 8 hours per working day), (j) an electric motor supported by a conventional electric supply and, in a near future, a powerful and quickly rechargeable battery, (k) a design that avoids use of captive consumables; this is considered a strategic point for the industrial partner.
Choosing the medical devices
Many anticancer drugs, antibiotics, narcotic analgesics, morphine derivatives, and even local anesthetics are administered intravenously from an infusion bag by means of either infusion bags (in this case, gravity is used), a somewhat sophisticated electromechanical pump, or, finally, by autonomous elastomeric infusion systems that use the combination of the elastomeric material pressure and Hagen-Poiseuille's law. The latter two systems have complex physical structures and geometries and are of particular interest because they employ disposable medical products commonly used in both hospitals and in homecare, as well as by ambulatory patients (8) .
Among numerous models of portable infusion pumps available on the international market, for the purposes of demonstration, two pump models widely used in many countries and protocols were selected: the SV2 model ( A therapeutic object (TO) was defined as the result of a compounding process, which is performed by specialized staff and is composed of (a) an active principle in solution or in suspension in an appropriate medium, which is usually diluted in normal saline or 5 % dextrose solution, and (b) an immediately labeled package that is potentially pre-connected to an infusion set. The presence of secondary packaging may complete the definition (8) (9) (10) .
About the connection between the device and the syringe Insofar as the apparatus and the syringe are constantly connected via a fluid-tight Luer-Lock connection, the filling of the device is made possible using a singleuse flexible line equipped with needle-free connectors and a sealed three-way valve that includes a non-return valve connected to a pouch of sterile vehicle (saline or 5 % dextrose). Various models of IV sets are available on the market. In the present case, a line of 340 mm in length was chosen and kindly provided by ICU Medical The crucial issue of the optimal speed of filling of a device
One of the main challenges of this development was the determination of an optimal speed of filling of the portable pumps. It was crucial that the pumps be filled neither too fast nor too slow. If pumps are filled too fast, there is a risk of over-pressure causing liquid leaks, particularly at the Luer-lock-tubing connections between the syringe and the device (Figure 1 ) and, especially, a risk of serious and irreversible deterioration of elastomeric flexible membrane performance and, consequently, its shape memory (elastomeric membranes are made of polyisoprene or silicone). If the portable pumps are filled too slowly, there is a risk of rejection of the machine by operators and a return to the current manual filling method. This point will be revisited in the Results section.
Contribution of technicians to the concurrent engineering methodology
A prototype P1 was manufactured from virtual plans of P0 previously generated by the CAD software. This rustic version of the apparatus was entrusted to a group of four highly qualified operators (two women and two men). After a stage of sterilization with peracetic acid vapors, followed by a careful check of its integrity, P1 was immediately placed in an actual production situation under a vertical laminar flow hood. Operators had an evaluation grid of 33 discriminating criteria, with the option of making free comments, which had been widely used throughout the development of the apparatus via an iterative approach. A two-month evaluation period was required to answer the questions raised and lead to a strong consensus in all the aspects of the project. The issues raised in this phase of the development included: (a) the intrinsic value of the project from the point of view of users, (b) an optimized and ergonomic design of the apparatus, (c) a rugged construction and high-grade materials, which make it extremely reliable and sturdy, (d) balancing portability and relative ease of assembly with an acceptable weight and stability of the machine during filling operations, (e) optimization of the removable locking system of the syringe plunger, e. g., a screw ring or a bayonet closure, (f) the required degree of sealing against fluid ingress, (g) the number and position of electronic buttons as this issue relates to the maneuverability of the machine, (h) the possible interest of additional control buttons used to temporarily speed up or slow down the speed of pumping and thrust, (i) estimation of the risks of injury and of glove tearing during manipulation, (j) optimization of the position and length of the power cable and the noise of the electric engine, (k) the possibility of using the apparatus in a horizontal position, (l) the refining of the device's design, color, and handling, and (m) subjective appreciation of pumping and linear thrust speeds.
Results and discussion
As already noted, the filling of PIPs is often cited by caregivers as causing somewhat bearable pain levels, various feelings of fatigue, functional disabling, and sometimes debilitating deficiencies. In this field of work, there is not sufficient official, reliable, and consolidated data available from public authorities. Nevertheless, approximately 698,400 PIPs were used in 2008 just within the French market (approximately 150,000 units for hospitals Figure 1 : The fully operational version of the motorized apparatus P2 is connected to a portable infusion pump via a single-use syringe and a single-use flexible line equipped by needle-free connectors and a three-way valve including a non-return valve, which is also connected to a pouch of sterile vehicle. and 548,400 units for home care markets). In the same year, more than 3.5 million PIPs were used in the European market (data courtesy of Baxter).
It is worth noting that throughout the technical development of the apparatus, the simplicity of use of the overall system and its sturdiness were systematically preferred to a sophisticated but consequently more fragile machine. To our knowledge, no similar product has ever existed in the market. Yet, in many ways, the design process endorsed by the project group is a matter of straightforward common sense. Little more than 18 months passed between the original idea and the availability of a fully operational version of the apparatus. The details of the 2 × 2 SWOT matrix of the project are presented in Table 1 , and a part of the construction is clearly subjective. As can be observed, the same criteria "Avoids use of captive consumables" is present in both "Strengths" and "Weaknesses" cells of the matrix considering the points of view respectively of the user and the industrial partner. The completed final matrix was in favor of launching the project quickly.
It is worth emphasizing that many of the pieces of both the initial prototype P1 and the fully operational version P2 were processed and produced by various numeral computerized machines on the basis of the virtual and evolving plans of P0, the very first virtual prototype. A 3D stereolithographic technology with a controlled laser source was used to produce with high precision the following components: the main protective casing of the machine, various gaskets and cogs, an anti-vibration system, and even the movable ring used to hold firmly the syringe's wings during PIP filling. As shown in Figure 2 , the assembly of these more or less complex components leads to the rudimentary but fully functional prototype P1. P1 was used under actual conditions by the group of experienced technicians with the Table 1 : The 2 × 2 matrix of the SWOT analysis achieved by the project group prior to the launch of the project of the development of a motorized apparatus designed to minimize the risk of musculoskeletal disorders induced by the filling of portable infusion pumps. aim of improving the apparatus gradually until the construction of the final version P2, presented in Figure 1 . This sensitive stage of development represents one of the major steps of concurrent engineering methodology, which is a work methodology based on the parallelization of tasks, i. e., performing tasks concurrently. This term refers to an approach used in product development in which design engineering, manufacturing engineering, and other functions are integrated to reduce the elapsed time required to bring a new product to the market (4). Concurrent engineering is a powerful and effective tool for continuous machine improvement prior to arriving at a fully developed and operational version of the device.
To highlight this evolving and dynamic process, Figure 3 represents a cross-sectional 3D view of the advanced prototype, P2, generated using CAD software. The final product embodies the convincing results of the synergistic cooperation between members of the working group, especially operators and engineers.
Regarding the technical and functional specifications of the apparatus, our goal is not to reproduce its operating manual in details but rather to present the main features of the device. In summary, the apparatus has a weight of 2,210 g and is equipped with three control buttons that have been arranged in a vertical line, so that they may be used by right-handed or a left-handed operators: (a) lower and upper buttons controlling the pumping or thrust of the syringe, which is connected to a pouch of vehicle (saline or 5 % dextrose in many cases) via the device presented in the Section "The crucial issue of the optimal speed of filling of a device", and (b) a two-position upper additional control button which is used to either speed up or slow down the pumping and thrust. The function of this third control button is identified by the unambiguous pictograms of a turtle and a hare. A complete assembly of the system in working order is shown on Figure 1 .
As mentioned above, the crucial question of the optimal speed of filling of a device has been solved simply and empirically according to an iterative process on the basis of the manual reference filling method. The filling sequence has been filmed and timed eight times (twice per operator). For example, the average time required to manually fill a 230 mL portable pump is approximately four minutes which leads to an average speed of 57.5 mL/min. Based on these practical observations and on the advice of the project group, two linear and constant thrust speed of 103 mL/ min (slow speed) and 150 mL/min (higher speed) were determined as optimal to ensure the integrity of the polymeric membrane throughout the filling stage. These speeds did not appear too slow to operators. At any time, a production operator may decide to adjust the speed button to finely adjust the rate of fluid injection.
Without counter pressure, 35 and 24 seconds are required to completely empty a syringe of 60 mL at low and high speeds, respectively, and it does not matter if the syringe is filled with air, saline, or 5 % dextrose. Periods of 150 and 98 seconds and four successive plunges of the piston are required to completely fill a 240 mL portable infusion pump at low and high speeds, respectively, with no variation in speed due to fluid type. These results demonstrate that the power of the electric engine is sufficient under all technical conditions encountered in actual practice. The performances of the apparatus under these various conditions were considered satisfactory by all the team operators. After a mandatory step of familiarization, all involved operators have unanimously endorsed the new tool. According to the business plan of the manufacturer, the apparatus known as Hedfill ® , will soon be available on the worldwide market. Notably, captive consumables are removed from the automated filling procedures.
The concept of quality for a finished product is too often reduced to the description of its commercial value and technical performances. These criteria primarily determine the choices of buyers, users, and consumers. However, the quality of life and the safety of workers and operators is scarcely ever mentioned, even though these subjects ought to be of fundamental importance in the development and engineering of any product, as they have been for Hedfill ® . We believe that this new motorized apparatus may now simply and substantially alleviate occupational MSDs caused by the manually filling of PIPs. An evaluation of the MSDs before and after implementation would be helpful to objectify this point. This will be possible through a second study conducted on a large cohort of operators (and therefore a lot of apparatus). Another major benefit of this research program is the clear improvement of the intrinsically quality of TOs through the creation of a more accurate and reproducible method of PIP filling.
Conclusion
In approximately 18 months, a dynamic project group supported by a concurrent engineering methodology has designed and developed a compact and lightweight motorized apparatus able to suppress the risk of MSDs caused by the manual filling of PIPs. At this stage of development, the apparatus is considered to be as flawless as possible by operators, and its industrial manufacturing has been launched. In a context of innovation and technical singularity, this small machine will be subjected to technical improvements in the near future. Among these future goals are the development of a universal locking system allowing connection with syringes of any trademarks, and the development of an autonomous model equipped with rechargeable batteries.
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